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Available online 30 December 2014AbstractObjective: This study aimed at evaluating Vascularity of tissues formed in silicone nerve tubes with collagen scaffolds seeded with
Bone marrow stem cells (BMSC) as a sign of tissue regeneration.
Materials and methods: Six adult mongrel dogs were included in this study; a 3 cm gap was made on the buccal branch of right side
of facial nerve and also on the left side as a “control side”. Next mononuclear cells containing mesenchymal stem cells were
separated from whole bone marrow using Gradient separation method with Ficoll. Silicone tubes embedded with collagen type I
sponge seeded with stem cells and neurogenic media were sutured in the perineural fascia of both ends of the cut nerve on the
experimental side, while in the control side empty silicone tubes alone were sutured to the perineural fascia of the cut nerves.
Healing was evaluated at 8 and 10 weeks scarifying 3 dogs each time and performing histological analysis.
Results: After 8 weeks the 6 dogs showed limited movement in the facial area supplied by the buccal nerve on the experimental
side and the salivary drooling decreased moderately. After 10 weeks the remaining dogs showed observable muscle movements and
decreased salivary drooling in contrast to control side. These results go with the histological examination results showing massive
multiple blood vessels formation and nerve like structures with partial absorption of the scaffold at 8 weeks then well organized
nerve like tissues with dilated multiple blood vessels at 10 weeks.
Conclusion: Collagen scaffolds seeded with mononuclear layer containing stem cells and nerve growth factors showed efficacy at
achieving good neo-vascularization which lead to eventual good healing.
© 2014, Hosting by Elsevier B.V. on behalf of the Faculty of Dentistry, Tanta University.
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The axon regeneration following peripheral nerve
injury often fails to restore a complete functional re-
covery. The causes have been attributed to regrowth of
regenerating fibers to inappropriate peripheral targets
and because it is not absolutely dependent on the
axons' mechanical alignment. Despite refined micro
surgical techniques, misdirection of the regenerating
axons is one of the most common limiting factors for a
correct restoration of functionality with the results of
most common construction and repair techniques
remained disappointing [1,2].
Entubation techniques were developed to overcome
morbidity and problems of grafting. The aims of entu-
bation techniques are to increase: the number, speed and
length of the regenerating axons. After the nerve stumps
are inserted and sutured into the ends of the tube, they fill
with a protein-rich fluid exudate from the nerve stumps
which contains growth-promoting substances. A neo-
matrix of fibrin is formed within the following days
providing support for the migration of specialized cells
e the Schwann cells e as well as fibroblasts and mac-
rophages. This provides a scaffold for axonal growth
from the proximal end towards the distal stump [3].
However; it is becoming possible to influence the
recovery of facial nerve function following injury, in
terms of compensation for deficits, rescue of viable
neurons and regeneration of damaged axons.
The concept of tissue engineering is based on the
simulation of nature itself. To engineer functional tis-
sues, cells from host (and/or donor) must be provided
with appropriate spatial and temporal cues to enable
growth, differentiation and synthesis of an extra
cellular matrix of sufficient volume and functional
integrity. Tissue engineering goes beyond regenerative
medicine and incorporates the unique qualities of en-
gineering design and use of the engineering method
bases for developing the approaches used to control
biological systems [4].
Vascularity of the healing tissues is a very essential
factor in the equation of regeneration, keeping the
process without massive fibrosis or necrosis or failure
of maturation of the engineered tissues [5].
Mesenchymal stem cells (MSCs), also referred to as
marrow stromal cells, multipotential stromal cells or
mesenchymal stromal cells, represent a class of plastic
adherent progenitor cells that were initially isolated
from the non-hematopoietic compartment of bone
marrow. MSCs can even be induced to differentiate
into other tissues such as myoblasts, cardiomyocytes,
hepatocytes and neurons.Bone marrow stem cells (BMSC) retain the ability
to self-renew and differentiate into cells of all blood
lineages throughout adult life. These adult BMSC have
recently been shown to have the capacity in adult mice
to reconstitute the entire hematopoietic system in
myeloablated mice. Recent data derived from a num-
ber of laboratories indicate that mouse BMSC also
have the potential to generate non hematopoietic cell
types including epithelial cells, skeletal muscle cells,
hepatocytes, endothelial cells, neurons and glial cells.
This newly defined capacity of stem cells from bone
marrow to give rise to cells of an unrelated tissue is
referred to as plasticity [6].
Bone marrow stromal cells could express pheno-
types of neurons, also it was reported that Salvia mil-
tiorrhiza could induce BMSC to differentiate into
neuron-like cells. If BMSC could be converted into
neurons instead of mesenchymal derivatives, they
would be an abundant and accessible cellular source to
treat a variety of neurological diseases [7].
Developmental limitations of tissue-specific stem
cells are regulated by the micro environment. Host
cells under specific conditions, such as tissue injury or
infection, might provide specific signals that coun-
teract these limitations. In adults, stem cells reside in a
physiologically limited and specialized micro envi-
ronment, or niche, that supports stem cells but varies in
nature and location depending on the tissue type [8].
According to a large number of reports, collagen
nerve guides have been extensively proven to be
effective to functional recovery of nerves. Extra
cellular matrix of natural nerve tissue is mainly
composed of Collagen-I [9]. Collagen is also a
commonly used substance to mimic the natural
neuronal ECM.
In this study, autologous bone marrow stem cells
were harvested from anterior iliac crest of canines,
seeded on collagen type I and provided with nerve
growth factors and implanted in silicon guiding tubes
for facial nerve regeneration. The effect of these
seeded cells on the new vessels formation (angiogen-
esis) was studied.
2. Materials and methods
Six adult Mongrol dogs were included in this study.
After exposure of the Buccal branch of the Facial nerve
bilaterally, two gaps, 3 cm in length were made in the
nerve by direct cutting using a sharp 15 bard parker
blade. On the right side (study side), a silicone tube,
with stem cells seeded on collagen type 1 scaffold
inside, was sutured to both ends of the cut buccal
Fig. 1. Silicone tube containing BMSCs seeded on collagen scaffold
and fixed between the proximal and the distal ends.
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tube was sutured to both ends of the cut buccal nerve.
According to the time of sacrifices Dogs were divided
into two groups:
Group 1: sacrificed at 8 weeks.
Group 2: sacrificed at 10 weeks.
2.1. Surgical procedures
After sterilization of the surgical field, a vertical
skin incision was made 5 cm behind the angel of the
mouth upon the parotid gland area extending from the
temporal area, in close proximity to the posterior
corner of the eye, to the area of the inferior border of
the mandible using Bard Parker blade no. 26.
Careful blunt dissection was done for the under
lying fascia with great care not to injure nerves or
vessels. The buccal branch of facial nerve was identi-
fied on both sides and verified to be nerves by being
non-lumenated and upon touch with a metallic tool
corresponding muscle twitches were observed. Held by
nerve hook the buccal nerve was then cut with the
blade to make a 3 cm gap.
2.1.1. Bone marrow mesenchymal stem cells (BMSCs)
preparation through mononuclear layer separation
Using 50 cc syringe with 1000 international unit of
heparin on 14 gauge cannula, 15 cc of bone marrow
aspirate were harvested from the anterior iliac crest
area of the dog. The iliac crest area is shaved and
scrubbed thoroughly with Betadine 10% for steriliza-
tion purposes as a standard surgical protocol. After
surgical draping, bone marrow was harvested on a
50 ml syringe with heparin (each one cm gap was
nearly equivalent to 5 cc of marrow). Mononuclear
layer containing BMSCs separation was conducted in
accordance to the protocol of gradient separation
described by Bøyum et al. [10].
The solute fraction was discarded, and the sample
pellet was re-suspended in 1 ml of Endothelial Basal
Media 2 “EBM-2” and Neural Survival Factor 1 “NSF-
1” media prepared by mixing Neural progenitor growth
singlequots (Poietics™, Lonza USA catalog no cc-
4241) and Neural progenitor supplements singlequots
(Poietics™, Lonza USA. catalog no cc-4242) with
50 ml EBM-2 w/Phenol Red (Lonza USA). Cell vi-
tality checks were performed by conducting trypan
blue exclusion of cells.
2.1.2. Scaffold preparation, seeding and tube placement
Cells were seeded on the collagen scaffold placed in
5 cm silicone tube by passing them gently on thescaffold multiple times. Then both proximal and distal
nerve ends were inserted into the tube at a 1 cm dis-
tance from the beginning of both tube ends leaving a
3 cm gap filled with collagen type I scaffold seeded
with the stem cells. The tube was sutured to the under
lying structure with Vicryl 3 zero sutures with great
care not to injure the nerve as shown in Fig. 1.
Closure was done in layers, suturing the deep layers
with continuous sutures using Vicryl 1 sutures. The
skin was sutured with interrupted sutures using black
silk 1.
2.2. Post-operative evaluation and sacrifice
Dogs were followed up clinically by monitoring and
evaluating muscle movement and salivary drooling
related to the muscles supplied by the buccal nerve.
Then Dogs were sacrificed and nerve biopsies were
collected for histological examination.
2.3. Histopathology examination
After biopsy collection the samples were prepared
for histological examination accordingly:
Autopsy samples were taken by removing the sili-
cone tubes and collecting all tissue inside the tubes;
Samples were fixed in 10% formol saline for 24 h; then
washing was done using tap water then serial dilutions
of alcohol were used for dehydration; Specimens were
cleared in xylene and embedded in paraffin at 56 C in
a hot air oven for 24 h. Formalin Fixed Paraffin
Embedded (FFPE) tissue blocks were prepared for
sectioning at 4 microns using a Sledge Microtome.
Tissue sections were collected on glass slides, depar-
affinized and stained by hematoxlyin and eosin stains
Fig. 2. Tissues from inside the tube of dogs sacrificed after 8 weeks
showing: massive number of undifferentiated cells (d), invading tis-
sues resembling nerve fiber (f) with dilatation and congestion of
blood capillaries (v). (H&E 40).
Fig. 3. Nerve like fibers from inside tubes obtained from dogs sacri-
ficed after 10 weeks showing tissues that morphologically resemble
differentiated nerve fiber (f) in the granulation tissue. H&E 80.
230 A.F. Abd El Azeem et al. / Tanta Dental Journal 11 (2014) 227e234then examined through the light microscope according
to standard procedures.
3. Results
3.1. Clinical findings
3.1.1. The experimental side (right side)
Remarkable wound healing with limited scaring
was noticed after 10 days and improved noticeably till
the end of the second week postoperatively when
compared with the control group. After 8 weeks, dogs
showed limited movement in the facial area supplied
by the buccal nerve and the salivary drooling decreased
moderately. After 10 weeks, the remaining dogs (3
dogs) showed observable muscle movements and
decreased salivary drooling compared to the control
side.
3.1.2. The control side (left side)
All dogs did not show decrease in the salivary
drooling and no observable muscle movement on the
control side through all of the ten weeks. Moderate
wound inflammation was observed in the entire sub-
jects in this site. In addition, wound healing with
moderate scaring was detected after 15 days.
3.2. Histological findings
3.2.1. The experimental side (right side)
3.2.1.1. Group 1: dogs scarified at eight weeks. Tissue
showed a wide area of infiltration by undifferentiated
cells with dilated and congested blood capillaries and
vessels (Fig. 2). Areas of focal hemorrhage were also
observed in the nerve fibers with homogenous eosino-
philic material of the scaffold and undifferentiated cells
as well as pigmented cells and dilated blood vessels.
The granulation tissue appeared in a wide area and was
noticed in the form of newly formed capillaries
perpendicular on the proliferated fibrous tissue.
3.2.1.2. Group 2: dogs scarified at ten weeks.
Presences of what morphologically appeared like nerve
fibers with homogenous eosinophilic material as part of
the scaffold with multiple numbers of undifferentiated
cells were detected (Fig. 3).
Wide areas of granulation tissue formation con-
sisting of newly formed capillaries and fibroblasts
associated with inflammatory cells and undifferenti-
ated cells as well as dilated blood vessels were
detected in the nerve fibers (Fig. 4).The Histological examination showed, in conclu-
sion, gradual regeneration of the nerve associated with
histologically prominent newly formed blood vessels
and abundant undifferentiated cells with a mild in-
flammatory reaction that did not appear to interfere
with the healing process and might be related to the
silicone tube with no signs of infection.
3.2.2. The control side histology
3.2.2.1. Group 1 (eight weeks). The gross examination
showed in-growth of the surrounding tissues into the
tube lumen. Loose fibrous connective tissue infiltrated
by some inflammatory cells (Fig. 5).
3.2.2.2. Group 2 (ten weeks). Increase in the density of
the fibrous content and the number of inflammatory
Fig. 4. Nerve like fibers from inside tubes obtained from dogs
sacrificed after 10 weeks showing multiple dilated and congested
blood vessels (v) with massive number of leucocytes cells infiltration
(m) and undifferentiated cells. H&E 80.
Fig. 6. Gaps of dogs sacrificed after 10 weeks showing denser
fibrous content and inflammatory cells. H&E 40.
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weaving (Fig. 6).
4. Discussion
Angiogenesis is the key stone in nearly all recent
tissue regenerative procedures and tissue engineering
to an extent that it might be one of the important signs
if not a cardinal sign of achievement of an uneventful
process of healing specially in nerve tissues [11e14].
In this study, salivary drooling and facial muscles
actions related to the cut branch of the facial nerve
were used as indication for clinical signs of healing.
Although not strictly measurable signs, it went rela-
tively homogenous with the observed histological
findings of the micro environmental cellular progress
into what was finally interpreted as regeneration
process.
This is in accordance with other researchers [15,16]
who used the movement curve analysis as proof for
healing in sciatic nerve model and their results were
also homogonous with their histological finding;Fig. 5. Gaps of dogs sacrificed after 8 weeks showing loose fibrous
tissue infiltrated by some inflammatory cells. H&E 40.however, others preferred to add electromyography to
their assessment [17].
In this study a length of 30 mm nerve gap was
created which can be considered and it was a
maximum challenge for regeneration test as it has been
reported by different studies that the range of nerve
regeneration using entubation, without addition of stem
cells, was around much more shorter lengths (average/
maximum of 5 mm length) [18e20].
A great difference in angiogenesis and healing
process inside the tubes was observed between the
experimental and the control side in this study. The
triad of tissue engineering: total population BMSCS,
collagen type I scaffold and the signaling factors
(growth factors) put on the cells (NSF-1 in this study)
and that secreted by the cells proved to be a good
augmenting factor in the nerve healing process [12,21].
Regarding the manipulation of the cells against the
most commonly used modality [22e27] which em-
ploys in vitro differentiation before implantation of the
cells, the present study used in vivo of the prepared
BMSCS through providing them with the suitable
micro-environment for the differentiation and expan-
sion inside the tube. This technique has the advantage
of the safety of non-culture procedure over the cultured
ones with their multiple hazards of using culturing
media and high expenses. Moreover, the effectiveness
of this approach regarding noticeable revascularization
and nerve like tissue formation has been proved
through multiple clinical trials in cases of acute nerve
injury with immediate separation confirming the
comparability of this technique over the in vitro
expansion and differentiation. The results denote the in
accordance with clinical functional enhancement
compared to techniques using pre expansion and
in vitro differentiation in other many studies
[22,23,28].
Histological findings obtained from the BMSCs
tubes at 8 weeks and 10 weeks were comparable to
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featuring the presence of the undifferentiated cells,
multiple blood vessels and more organized tissue with
local reaction resembling remodeling. The ongoing
regeneration observed during the two weeks raised the
prospect of continuing regeneration power of the stem
cells in contrast to the diminished regeneration activity
observed inside the control tubes and thus much less
gap distances were reported in nerve regeneration
without using stem cells [19,30e32].
No visible signs of mutagenesis in the histological
examination was detected in the experimental side up
to the end of the follow up period confirming the re-
sults of recently published data about the safety of the
stem cells utilization [33,34].
After 8 weeks the collagen matrix was relatively
uptaken to a certain degree and the presence of un-
differentiated cells, lymphocytes and neo-
vascularization indicates the viability of the cells for up
to 10 weeks and also the continuing regeneration and
multiplication of the cells up to this period. This results
may go against the control side results of silicone tubes
without stem cells which also went with other studies
results regarding silicone tubes [19,30,35] which usu-
ally contains more fibrous and inflammatory cells and
it can be correlated with the gap distance comparing
this study to other studies which used much less gap
distances. My control.
Regarding the control side the results of the present
study agree with the idea [19,30,36] that the fibrous
tissue is thought to prevent nerve mobility causing
traction injury vasospasm of its vessels redirecting the
axons as they enter the scar away from the target or-
gans and prevents nerve growth.
Our results is in accordance with many reports as-
suring that silicone tubes proved to be impermeable
ensheathment that retained the endoneural fluid which
constituted the normal environment of nerve fibers and
helped in concentrating the neurotrophic a vascular
growth factors released from stem cells that were
released into the fluid between the nerves ends [19,36].
However, Spector et al. in their study on facial nerve
regeneration in the dog, reported that generation within
silicone chambers can be enhanced when the walls
were perforated thus permitting soluble substances and
cellular ingrowths from extra neural environment to
enter the inside of the tube and help promote neural
regeneration, and neovascularization [36]. In contrary
during this study the impermeability and tolerability of
the silicon tubes were judged as criteria needed to test
the effect of the isolated collagen scaffold seeded by
BMMNSCs suspended on neural media on neo-vascularization and healing which, in our opinion, is
a suitable media for more specific regeneration and
good neovascularization. Accordingly, the silicone
tubes were considered suitable for preserving of the
cultured collagen, cells and growth factors micro
environment and isolating it from the outer
environment.
The results of the present study obtained from the
control side correspond with Fouda, A. study regarding
the inflammation caused by embedded silicone tubes
19. However, on the experimental side, low inflam-
mation with good revascularization and relatively well
toleration of the silicone tube was observed. This was
believed to be due to the presence of the stem cells
with its anti-inflammatory effect and also its reported
role in decreasing immunogencity which is in accor-
dance with the results reported by other researches
[37e39]. We also agree with him that the tube did not
only serve as a barrier capable of preventing meso-
dermal external environment from the ectodermal
neural cells to prevent fibrosis during nerve regenera-
tion, but also provided additional mechanical support,
retain endoneurial fluids, and provides minimal surgi-
cal manipulation.
For these reasons all control group in the current
study showed absence of regeneration along the follow
up period. It was clear from the study that new con-
nective tissue formation was not a local phenomenon at
the served area but was also formed widely throughout
traumatized nerve and also it filled the inter gap in the
control side forming fibrous tissue preventing the nerve
healing.
Maintenance of gap distance between proximal
and distal stumps is critical determinant so nerve
stumps were fixed with vicryl sutures into the tube to
ensure fixed gap distance along the follow up period
[19]. Same were followed in this study using also
vicryl which caused no significant inflammation in
both experimental and control sides and lead to fix-
ation of the nerve ends and the tubes in the desired
place without undesired events. Sutures were taken in
the surrounding neural fascia to avoid perineural or
epineural sutures leading to penetration of the nerve
structure inducing mesodermal in growth and
fibrosis.
In general this means that tolerance to silicone tube
specially in the subcutaneous region is not an easy
matter this result goes with results of Fouda, A. 1998
[19] regarding the silicone control group although the
experimental group was on contrary to the control one
with good compatibility and no signs of severe in-
flammations or infection which goes well with the anti-
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role in decreasing immunogencity [37e39].
5. Conclusion
Collagen scaffolds seeded with mononuclear layer
containing stem cells and nerve growth factors showed
efficacy at achieving patent neo-vascularization in such
a short time given in this study facilitating an un-
eventful healing with histological and clinical signs of
nerve healing which indicates further need for another
study with more time and further examinations in order
to step forward towards clinical application.
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